Abstract We have designed a new type of retinal prosthesis using polyethylene fi lms coupled with photoelectric dye molecules that absorb light and convert photon energy to electric potentials. An extruded-blown fi lm of high-density polyethylene was used as the original polyethylene fi lm. Recrystallized fi lm was made by recrystallization from the melting of the original polyethylene fi lm. A photoelectric dye, 2-[2-[4-(dibutylamino)phenyl]ethenyl]-3-carboxymethylbenzothiazolium bromide, was coupled to the two types of polyethylene fi lms through amide linkages. Samples of the original dye-coupled fi lm, the dye-coupled recrystallized fi lm, and the dye-uncoupled plain fi lm were implanted in the subretinal space of normal adult rats. Frozen sections were cut from the eyes enucleated at 1 week or 1 month and were either stained with hematoxylin and eosin, stained immunohistochemically for glial fi brillary acidic protein (GFAP), or processed for in situ apoptosis detection. The results revealed that retinal tissue damage was negligible with no infl ammatory cells and few apoptotic cells. GFAP was signifi cantly up-regulated in retinal sites with the implantation of all types of polyethylene fi lms at 1 week, compared with the adjacent retinal sites (P < 0.005, analysis of variance). The GFAP up-regulation was also present at 1 month for the plain fi lm and dye-coupled recrystallized fi lm (P < 0.05). Glial cell encirclement around the fi lms increased signifi cantly between 1 week and 1 month (P = 0.023, two-factor analysis of variance) but was not signifi cantly different among the three types of polyethylene fi lms (P = 0.4531). These results showed evidence of glial reactions to the photoelectric dye-coupled polyethylene fi lms implanted into the subretinal space of rat eyes and also proved their basic biological safety.
Introduction
The retina has photoreceptor cells that absorb light and transfer photon energy to generate electric potential changes in the cell membrane. In hereditary diseases such as retinitis pigmentosa, patients lose retinal photoreceptor cells but still retain the other neurons such as bipolar cells and ganglion cells, the latter of which send nerve fi bers to the brain. 1 This condition is called retinal outer layer degeneration, and retinal prostheses are promising treatment modalities for retinal outer layer degeneration caused by diseases such as retinitis pigmentosa. 2 Photodiode-based retinal prostheses can absorb light and generate electric currents to stimulate the remaining retinal neurons. 3 Digital camera-based retinal prostheses transfer the captured image to electric currents to stimulate the remaining retinal neurons or the brain directly by electrodes arranged as a microarray. 4 In place of photodiodes for retinal prostheses, we investigated the feasibility of photoelectric dye molecules that absorb light and generate electric potentials. 5 In previous studies, we have proven by calcium imaging that photoelectric dyes can stimulate retinal neurons in culture and shown that these molecules could be used as a component of retinal prostheses. 5 One kind of photoelectric dye was chemically bound to a polyethylene fi lm surface to develop the prototype of retinal prostheses (Fig. 1) . 6, 7 We are in the process of developing photoelectric dye-based retinal prostheses designated as the Okayama University-
The fuming nitric acid-treated polyethylene fi lm only, the photoelectric dye-coupled polyethylene fi lm, and the photoelectric dye-coupled recrystallized fi lm were designated as the dye-uncoupled plain fi lm, the original dye-coupled fi lm, and the dye-coupled recrystallized fi lm, respectively, in the following experiments. , is conjugated via ethylenediamine to the carboxyl moiety of the polyethylene fi lm surface by two amide linkages 6, 7 type retinal prostheses. In this study, we implanted prototypes of our retinal prostheses in normal rat eyes and examined the tissue response to the implants to assess biological safety.
Materials and methods

Preparation of dye-coupled polyethylene fi lms
Extruded-blown high-density polyethylene fi lm with a thickness of 0.02 mm was used as the original polyethylene fi lm. To prepare melt-crystallized polyethylene fi lm (designated as recrystallized fi lm), the original polyethylene fi lm was sandwiched between a slide glass and a cover glass and was placed on a controllable heater (HotStage FP82, Mettler Toledo, Columbus, OH, USA). The temperature was elevated to 100°C at a speed of 5°C per minute and then to 170°C at a speed of 1°C per minute and was maintained at 170°C for 30 min; the sample was then left to cool to room temperature. 7 Carboxyl moieties were introduced to pieces of either the original or recrystallized polyethylene fi lm surface by reaction with 97% fuming nitric acid at 80°C for 20 min in a fl ask. The fi lm was then washed with water until a neutral pH was attained and dried in air. A photoelectric dye, 2-[2-[4-(dibutylamino)phenyl]ethenyl]-3-carboxymethylbenzothiazolium bromide (NK-5962, Hayashibara, Okayama, Japan, Fig. 1 ), was then coupled to the carboxyl moietybearing fi lm through amide linkages formed by ethylenediamine between carboxyl moieties of the fi lm and the dye under the catalytic presence of dicyclohexylcarbodiimide in a reaction solvent, chlorobenzene, at 35°C for 24 h. The dye has a molecular weight of 503.5 Daltons and absorption spectra in the range 400-600 nm, with peak absorption at 539 nm. 5, 6 These two chemical processing steps were monitored by infrared and visible light absorption spectra to confi rm successful reactions. 6, 7 The dye-coupled fi lm was fi nally washed with chlorobenzene for 48 h. GFAP is up-regulated in retinal sites with the implantation of an original dye-coupled polyethylene fi lm, compared with the neighboring sites to the left and the right both at 1 week (upper) and at 1 month (lower). The photoelectric dye-coupled polyethylene fi lm exhibits autofl uorescence due to the dye on the surface. The GFAP-positive fl uorescence of glial cell encirclement (arrows) around the polyethylene fi lm is easily discernible from the fi lm's autofl uorescence Implantation into the subretinal space of rat eyes Male Wistar rats at 6 weeks were anesthetized by intraperitoneal injection of ketamine (87 mg/kg body weight) and xylazine (13 mg/kg). Under a dissecting microscope, a conjunctival incision was made on the temporal side of the eye and the sclera was tapped with a 20-gauge needle. Saline was applied to the scleral-choroidal puncture to make a bleb retinal detachment. Samples of the three kinds of polyethylene fi lms, 1 × 5 mm in size with one edge marked with black ink, were inserted with forceps into the bleb retinal detachment (Fig. 2) . The scleral incision was left without suture, and antibiotic eye drops were applied to the eyes. The fundus was examined by indirect funduscopy with a 20-diopter lens to confi rm the fi lm insertion.
At 1 week and at 1 month, rats with polyethylene fi lm implantation were deeply anesthetized and killed with an overdose of ether. The eyes were enucleated and fi xed with 4% paraformaldehyde. The eyes were cut with a razor blade circumferentially at the midperiphery and the posterior halves were observed with a dissecting microscope to confi rm the subretinal implantation of the polyethylene fi lms. Three rat eyes were assigned to each experiment: the implantation of three different kinds of polyethylene fi lms (the dye-uncoupled plain fi lm, the original dye-coupled fi lm, and the dye-coupled recrystallized fi lm) for either 1 week or 1 month. All the procedures conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Immunohistochemistry
The retinochoroidal scleral tissue strips with polyethylene fi lm implanted were cut from the 4% paraformaldehydefi xed posterior halves of the enucleated rat eyes and were embedded in Tissue-Tek O.C.T. compound (Sakura Seiki, Tokyo, Japan) for slicing frozen sections at a thickness of 15 μm. The sections were washed with phosphate-buffered saline (PBS), incubated with PBS containing 0.3% Triton X-100 (Sigma, St. Louis, MO, USA) for 10 min, and then incubated with 1% bovine serum albumin and 10% normal goat serum in PBS containing 0.3% Triton X-100 at room temperature for 30 min to block nonspecifi c binding. The sections were incubated overnight at 4°C with primary antibody, rabbit anti-glial-fi brillary-acidic-protein (GFAP) polyclonal antibody (Chemicon, Temecula, CA, USA) (×1000 dilution), in PBS containing 1% bovine serum albumin and 1% normal goat serum. 7 After being washed three times for 10 min each with PBS, the sections were incubated with a second fl uorescence-labeled antibody, Alexa-488-labeled goat anti-rabbit IgG antibody (Molecular Probes, Eugene, OR, USA), in PBS containing 1% bovine serum albumin for 30 min at room temperature and then washed again. Finally, the sections were incubated with 4′,6-diamidino-2-phenylindole 2HCl (DAPI) at a concentration of 250 ng/ml in PBS for 10 min at room temperature for nuclei staining; the sections were then washed.
The images were captured by a CCD camera attached to a fl uorescence microscope (Axiovert 200M, Carl Zeiss Japan, Tokyo, Japan) with an FITC fi lter set. For quantitative analysis of GFAP fl uorescence, two indices were defi ned: the intensity of GFAP staining in Muller cells in the retinal sections and the extent of GFAP-positive glial encirclement around polyethylene fi lms.
For the measurement of the intensity of GFAP staining, the brightness of images were reduced to a level that erased the background and only visualized GFAP-positive fi bers in Muller cells in the retinal sections. The retinal sections were divided into three sites based on the presence of polyethylene fi lms: the site of polyethylene fi lm implantation, one site to the left and another site to the right of the site of implantation (Fig. 3) . These three sites were at equal distances and were parallel with the retinal layers. GFAPpositive areas in three squares of 100 × 100 μm 2 each were measured in the three sites of each retinal section with imaging software (Scion Image for Windows Beta 4.0.2, Scion, Frederick, MD, USA). The GFAP-positive areas were compared among the three sites. The measurements derived from three rat eyes were used for statistical analysis in each group with the implantation of three kinds of polyethylene fi lms at 1 week and 1 month.
For measurement of the extent of GFAP-positive glial encirclement around the polyethylene fi lms (Fig. 3) , the GFAP-positive length was measured and divided by the full length of the circumference of the polyethylene fi lm. The measurements derived from three rat eyes were used for statistical analysis in comparison of the three kinds of polyethylene fi lms at 1 week and 1 month.
In situ detection of apoptosis
The frozen sections were washed with phosphate-buffered saline (PBS) for 10 min, incubated with permeabilization solution (0.1% Triton X-100 and 0.1% sodium citrate) for 5 min at 4°C, and rinsed twice with PBS. 8 The sections were reacted with terminal deoxynucleotidyl transferase (TdT) in reaction buffer containing fl uorescein-conjugated dUTP for 60 min at 37°C in the dark, rinsed with PBS for 10 min, incubated with DAPI at a concentration of 250 ng/ml in PBS for 10 min at room temperature for nuclei staining, and washed twice with PBS. The sections were observed under a fl uorescence microscope according to the manufacturer's instructions (In Situ Cell Death Detection Kit, Fluorescein, Roche Diagnostics, Mannheim, Germany). For negative controls, sections were incubated with the reaction buffer lacking TdT.
Results
Histopathology by hematoxylin and eosin stain
The polyethylene fi lms were implanted subretinally between the neuroretina and the retinal pigment epithelium of rat eyes via scleral incisions (Fig. 4) . Some fi lms were implanted intraretinally, frequently at the level of the outer plexiform layer between the inner nuclear layer and the outer nuclear layer (Fig. 4) . Neither marked degradation of the retinal tissues nor infl ammatory response was observed histopathologically either at 1 week or at 1 month after implantation.
The intensity of GFAP immunoreactivity Figure 3 shows a montage of fl uorescence photomicrographs of retinal sections, stained immunohistochemically for GFAP, 1 week and 1 month after implantation of the original dye-coupl ed polyethylene fi lm. Both the original dyecoupled polyethylene fi lm and the dye-coupled recrystallized fi lm showed outermost autofl uorescence at the cross section of the fi lm due to the photoelectric dye on the fi lm surface; in contrast, no such fl uorescence was seen at the cross section of the dye-uncoupled plain polyethylene fi lm (Fig. 5) . The   Fig. 4 . Histological photomicrographs of rat eyes stained with hematoxylin and eosin at 1 week (upper) and at 1 month (lower) after implantation of three kinds of polyethylene fi lms. Some fi lms (arrow) were implanted in the subretinal space between the neurosensory retina and the retinal pigment epithelium, whereas other fi lms were implanted at the level of the outer plexiform layer between the inner nuclear layer and the outer nuclear layer. Tissue damage was minimal and infl ammatory cells were absent. Higher magnifi cation photographs of the implantation of original dye-coupled fi lms at 1 week and at 1 month are shown in the rightmost column. Original magnifi cation, ×50 in left three columns and ×100 in rightmost column retinal sites of polyethylene fi lm implantation had a higher nth after implantation of the three kinds of polyethylene fi lms: the plain fi lm, the original dye-coupled fi lm, and the dye-coupled recrystallized fi lm (Fig. 5) .
Quantitative measurements of fl uorescence intensity of GFAP immunoreactivity (Fig. 6) showed a signifi cant increase at the site of implantation of polyethylene fi lms compared with the neighboring left side and the right side of the retina [P = 0.0006 and P < 0.05 for plain fi lm, P = 0.0011 and P < 0.05 for original dye-coupled fi lm, and P = 0.0007 and P < 0.05 for dye-coupled recrystallized fi lm, by the one-factor analysis of variance (ANOVA) and the Tukey-Kramer test, respectively]. The signifi cant increase in GFAP immunoreactivity at the site of implantation was also observed at 1 month for the implantation of the plain fi lm and the dye-coupled recrystallized fi lm (P = 0.0176 and P < 0.05 for plain fi lm, P = 0.1402 for original dye-coupled fi lm, and P = 0.0078 and P < 0.05 for dye-coupled recrystallized fi lm, by one-factor ANOVA and the Tukey-Kramer test, respectively). GFAP is up-regulated in the retinal sites with polyethylene fi lm implantation both at 1 week and at 1 month. The photoelectric dye-coupled polyethylene fi lms have autofl uorescence due to the dye on the surface, in contrast with no autofl uorescence on the plain fi lms (arrows) Fig. 6 . Quantitative analysis of GFAP-positive areas in the retinal sites with polyethylene fi lm implantation and in the neighboring sites to the left and the right. GFAP is signifi cantly up-regulated at sites undergoing implantation for all three kinds of polyethylene fi lms compared with the neighboring sites to the left and the right at 1 week (P = 0.0006, P = 0.0011, and P = 0.0007; one-factor analysis of variance, for the plain fi lm, original dye-coupled fi lm, and dye-coupled recrystallized fi lm, respectively). The signifi cant GFAP up-regulation was also observed at 1 month after implantation of the plain fi lm and the dye-coupled recrystallized fi lm (P = 0.0176 and P = 0.0078, respectively). T bars indicate standard deviation Glial encirclement around polyethylene fi lms
The fl uorescence intensity of the GFAP immunoreactivity of glial cells surrounding the polyethylene fi lm was apparently stronger than the autofl uorescence caused by the photoelectric dye on the fi lm surface and, therefore, could be easily discriminated from the fi lm surface autofl uorescence (Fig. 3) . Glial cells did not encircle the whole circumference of the fi lms but covered up to 50% of the circumference at 1 month after implantation of the three kinds of fi lms. By   Fig. 7 . Quantitative analysis of GFAP-positive glial encirclement around the polyethylene fi lms implanted in rat eyes. The extent of glial encirclement increased signifi cantly between 1 week and 1 month after polyethylene fi lm implantation (P = 0.0230, two-factor analysis of variance). No signifi cant difference in glial encirclement was noted among the three kinds of polyethylene fi lms both at 1 week and at 1 month after the implantation (P = 0.4531). T bars indicate standard deviation quantitative measurements of glial cell encirclement around the polyethylene fi lms (Fig. 7) , it was found that the extent of glial encirclement increased signifi cantly between 1 week and 1 month after implantation for all three kinds of polyethylene fi lms (P = 0.0230, two-factor ANOVA). The glial encirclement was not signifi cantly different among the three kinds of polyethylene fi lms at 1 week and at 1 week (P = 0.4531).
Apoptotic cells in the retina
Only a small number of apoptotic cells was observed in the retina both at 1 week and at 1 month after implantation of the polyethylene fi lms (Fig. 8) . No signifi cant difference in the number of apoptotic cells was noted in the retina for implantation of the different types of polyethylene fi lms.
Discussion
The goals of this study were twofold. The fi rst goal was to develop a surgical method to implant photoelectric dyecoupled polyethylene fi lms, as prototypes of our retinal prostheses, into the subretinal space of rats. In our future plans for clinical studies to implant the retinal prostheses in patients with retinitis pigmentosa, photoelectric dye-coupled polyethylene fi lms would be implanted subretinally in a standard three-port vitrectomy. Our retinal prostheses are soft and are rolled up to insert fi rst into the vitreous space through a 20-gauge pars plana port and then to the subretinal space of the retinal detachment through an intentional retinal hole. In rat eyes, our retinal prostheses could not be inserted into the subretinal space by vitrectomy.
Based on the anatomical limitations of rat eyes, a new surgical method was developed to implant the retinal prostheses into the subretinal space by a different route. We successfully established a surgical method to implant the retinal prostheses through a scleral incision by making a bleb retinal detachment. Histopathological study revealed that some polyethylene fi lms were placed in the subretinal space between the neurosensory retina and the retinal pigment epithelium but that other fi lms were frequently inserted in the outer plexiform layer between the inner nuclear layer and the outer nuclear layer. Such intraretinal implantation would be allowable since retinal prostheses would be practically implanted in eyes that have lost the outer nuclear layer through photoreceptor cell degeneration.
The second goal of this study was to examine histopathological changes of the tissues surrounding the retinal prostheses. We stained GFAP to reveal the glial cell reaction to the retinal prostheses in terms of foreign body reaction, and also stained apoptotic cells to detect the damage to retinal neurons caused by the retinal prostheses. As expected, GFAP immunoreactivity was increased in the retinal area with implanted polyethylene fi lms both at 1 week and at 1 month after implantation, compared with the neighboring areas of the retina. In contrast, tissue damage was negligible, with no infl ammatory cells and few apoptotic cells in the retina as a result of polyethylene fi lm implantation. Even retinas with intraretinal implantation of the polyethylene fi lms had no marked tissue damage. The negligible tissue reaction to polyethylene fi lm implantation is the basic requirement for the biological safety of medical devices including retinal prostheses. 9 GFAP in retinal Muller cells is known to be up-regulated in pathological conditions such as glaucoma, 10, 11 retinal detachment, 12, 13 and diabetic retinopathy. 14 Its up-regulation has also been detected in damaged retina caused by light exposure. 15 In this study, GFAP was up-regulated in Muller cells in the area where the retinal prostheses were implanted, compared with the adjacent areas of the retina. Such GFAP up-regulation could be the result of the foreign body reaction of Muller cells to the retinal prostheses. Another possibility is that light-induced electric signals from the retinal prostheses might have stimulated the Muller cells; the rats were housed in an environment subjected to a 12-h light/ dark cycle. Similar up-regulation of GFAP in Muller cells has been described in feline eyes on subretinal implantation of microphotodiode arrays. 16 In this study, glial enwrapping of the implanted polyethylene fi lms was also examined to assess glial reaction to the different types of polyethylene fi lms. Theoretically, any marked foreign body reaction by the glial cells, and hence increased scar tissue formation, would lead to higher resistance to electrical stimulation by retinal prostheses. 9, [16] [17] [18] Glial encirclement of the fi lm cross sections increased between 1 week and 1 month of implantation in quantitative analysis, but did not exceed half the circumference of the fi lm cross sections at 1 month. The dye-coupled recrystallized fi lm showed a smaller extent of glial encirclement, although not signifi cantly so, than did the plain fi lm and the original dye-coupled fi lm at 1 month, suggesting a lower glial reaction to the dye-coupled recrystallized fi lm.
In a previous study, 7 we cultured mixed populations of chick retinal neurons and glial cells on the surface of two types of our retinal prostheses: the original photoelectric dye-coupled polyethylene fi lm and the photoelectric dyecoupled recrystallized polyethylene fi lm. The original polyethylene fi lm has regularly oriented polyethylene crystals, whereas the recrystallized fi lm has polyethylene crystals oriented in an irregular and random manner. 7 Such different orientations of polyethylene crystals give rise to different surface structure of the fi lms and, thus, might lead to varying degrees of adherence by different types of cells such as neurons and glial cells. Retinal neurons in culture settled directly on the surface of the dye-coupled recrystallized fi lm, whereas large glial cells covered the surface of the original dye-coupled fi lm, with neurons resting on the glial cells. 7 These facts suggest that the dye-coupled recrystallized polyethylene fi lm would be a better candidate for retinal prostheses to maintain the appropriate interface with neurons and also to avoid the reactive growth of glial cells. The measurement of glial encirclement in this study also suggested that the dye-coupled recrystallized polyethylene fi lm would be a better material in terms of a reduced glial reaction compared with the original dye-coupled poly-ethylene fi lm. The equivocal results for the in vivo implantation, compared with the clear-cut results of the in vitro cell culture, suggest the role of other factors such as surgical insult and tissue response.
In conclusion, the present study demonstrated the basic biological safety of our retinal prostheses implanted into the subretinal space of normal adult rat eyes. The dyecoupled recrystallized polyethylene fi lm appears to be a better material in terms of a lower glial reaction. The extent of recrystallization and the number of dye molecules bound to the polyethylene fi lm cannot be accurately quantifi ed at present and, therefore, these factors should be further evaluated in the future to design a better material. The next step would be to implant our retinal prostheses in the subretinal spaces of Royal College of Surgeons (RCS) rats with retinal outer layer degeneration.
